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ABSTRACT 

MicroRNAs (miRNAs) play important roles in biolo- 
gical development and disease. Much less is known 
about their role in normal adult physiology. The 
proximal convoluted tubule (PCT) and the medullary 
thick ascending limb (mTAL) in the kidney consist of 
epithelial cells with different transport activities. We 
identified 55 possible miRNA-target pairs of which 
the miRNAs and their predicted target proteins, 
many of which are involved in epithelial transport, 
were inversely enriched in PCT and mTAL. Some 
miRNAs appeared to have synergistic effects on 
shared targets. miR-192 and its predicted target 
the p-1 subunit of NaVK^-ATPase (Atp1b1), an 
enzyme providing the driving force for tubular trans- 
port, were inversely enriched in kidney regions. In 
mice, knockdown of miR-192 led to up-regulation 
of Atplbl protein. When mice were fed with a 
high-salt diet, knockdown of miR-192 blunted the 
adaptational increase of urine output. Interestingly, 
miR-192 appeared to target Atplbl through the 5'-, 
rather than 3'-untranslated region. The study 
suggests a novel physiological mechanism in 
which miR-192 suppresses NaVK^-ATPase and 
contributes to renal handling of fluid balance. It 
supports an important role of miRNAs in 
determining cellular characteristics that may 
appear subtle yet are physiologically critical. 

INTRODUCTION 

MicroRNAs (miRNAs) are a class of endogenous and 
conserved small RNA molecules that regulate gene expres- 
sion. They primarily act by binding to the 3'-untranslated 
region (3'-UTR) of their target niRNAs to decrease 
protein abundance (1,2). Mechanisms of action other 
than the 3'-UTR interaction have been reported, most of 



them not yet well understood (3-7). Computational pre- 
dictions based on sequence characteristics suggest the 
presence of multiple target genes for any given miRNA 
(8,9). Many miRNAs have been shown to play important 
roles in regulating developmental and pathological 
processes (10,1 1). 

Much less, however, is known about the role of 
miRNAs in normal, adult physiology. An exciting possi- 
bility is that miRNAs might have a critical role in 
determining or maintaining cell-type-specific physiological 
characteristics (i.e. ceU identity) in a fully developed 
organism. The mechanism could work in coordination 
with transcriptional controls. For example, miRNAs can 
repress leaky transcripts or adjust the abundance of ex- 
pressed genes (12). While many miRNAs are clearly ex- 
pressed in a tissue-specific manner, direct evidence for a 
functional role of miRNAs in maintaining cell-type- 
specific physiological characteristics has been scarce. 

Nephron segments in the kidney, such as the proximal 
convoluted tubule (PCT) and the medullary thick ascend- 
ing limb (mTAL), provide an excellent model for studying 
the role of miRNAs in the regulation of cell-type-specific 
physiological characteristics. Both PCT and mTAL 
consist of a homogeneous population of epithelial ceUs 
whose primary function is vectorial transport. CeUs in 
both segments are derived from the same origin, the 
metanephric mesenchyme. However, PCT and mTAL 
differ in specific transport activities, which are critical 
for normal kidney physiology including the regulation of 
whole body fluid and solute homeostasis. It is unknown 
whether miRNAs play a role in regulating physiological 
characteristics of specific nephron segments including PCT 
or mTAL. 

We report here evidence suggesting that miRNAs might 
be involved in maintaining numerous physiological char- 
acteristics that are specific to PCT or mTAL. Further 
experiments showed that miR-192 regulates Na"^/K"^- 
ATPase in human renal epithelial cells and in vivo in 
animal models and revealed a novel physiological mech- 
anism in which miR-192 suppressed Na^/K"^-ATPase and 
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contributed to renal handling of fluid balance on a 
high-salt diet. 

MATERIALS AND METHODS 

Animals 

For the miRNA profiling study, male Sprague-Dawley 
rats weighting 290-330 g were used and maintained on 
the A1N-76A diet containing 0.4% NaCl (Dyets). To 
study the effect of salt intake on miR-192 expression, 
Sprague-Dawley rats were fed with the Basal Diet 5755 
(0.24% sodium; TestDiet) and then switched to Low 
Sodium Diet 5881 (0.03% sodium; TestDiet). For the 
miR-192 knockdown studies, we used CD-I mice, main- 
tained on the 0.4% NaCl diet or a 4% NaCl diet (Dyets). 
For chronic monitoring of urine output and water intake, 
mice were housed in metabolic cages (Lab Products Inc.). 
Animal protocols were approved by the Institutional 
Animal Care and Use Committee. 

Isolation of nephron segments 

Left kidney was perfused with cold dissection solution, 
followed by digestion solution. The kidney cortex and 
outer medulla were separated and incubated in digestion 
solution. Digested tissue was microdissected under a 
stereomicroscope. See Supplementary Data for more 
details. 

miRNA isolation 

Isolated nephron segments from three rats were pooled 
together and miRNAs were isolated using the RT^ 
qPCR-Grade miRNA Isolation Kit (SA Biosciences). 

Real-time PGR miRNA array 

We used RT" miRNA PCR Array System (SA 
Biosciences) and followed the manufacturer's protocol 
(13). Three arrays were run for every nephron segment, 
each containing pooled samples from three rats (nine rats 
in total). Relative expression results were normalized 
across plates according to the total expression of all 
miRNAs on each plate. 

Taqman real-time PCR 

Expression levels of several miRNA and mRNA were 
measured using real-time PCR with Taqman chemistry 
(Applied Biosystems) as described previously (13-15). 

Protein database 

The database of proteins that are segment-specific was 
compiled from original articles and two textbooks 
(Brenner and Rector: The Kidney, Saunders, 8th edition; 
Koeppen and Stanton: Renal Physiology, Elsevier, 4th 
edition). 

Selection of possible miRNA-target pairs 

miRNA-target pairs were selected based on two criteria: 
(i) sequence characteristics (based on miRNA target pre- 
diction tools) and (ii) reciprocal expression of a miRNA 



and its predicted target protein in two nephron segments 
(16). Three prediction tools were used: TargetScan v5.1 
(http://www.targetscan.org/), MicroCosm Targets v5 
(http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/tar 
gets/v5/) and microRNA.org (http://www.microrna.org/ 
microrna/home.do). 

Western blot 

Western blot was performed using primary antibodies 
obtained from Santa Cruz Biotechnology (17,18). 

Na^/K^-ATPase activity assay in crude membrane 
fractions 

The assay was performed as described previously (19,20). 
See Supplementary Data for more details. 

3'-UTR and P+5'-UTR reporter constructs 

Reporter gene vectors, containing the 3'-UTR or the 
promoter region and 5'-UTR (P+5'-UTR) of a miRNA 
target gene, were constructed as previously described 
(13-15). The UTR of the gene of interest was identified 
and amplified from rat genomic DNA. Primer sequences 
are listed in Supplementary Data. The PCR product was 
inserted into pMIR-REPORT vector (Ambion), adjacent 
to the 3'-end or 5'-end of the luciferase reporter gene for 
the 3'-UTR or P+5'-UTR assay, respectively. 

3'-UTR-mutation, P+5'-UTR-mutation and 
P+5'-UTR-deletion constructs 

Site-directed mutagenesis was performed with the 
QuickChange II XL Site-Directed Mutagenesis Kit 
(Stratagene), following the protocol suggested by the 
company (21). Primers used for introducing mutations/ 
deletions are listed in Supplementary Data. The 
3'-UTR-mutation construct had mutations introduced at 
nucleotides +143 to +145 relative to the first nucleotide in 
the 3'-UTR. The P+5'-UTR construct included the 
sequence ~ 1 kb upstream of the transcription start site 
and the subsequent 5'-UTR of the Atplbl gene. 
Deletion and mutation were introduced at nucleotides 
—386 to —391 and —387 to —389, respectively, where +1 
is the translation initiation site. 

UTR reporter assay 

The assay was performed as described previously (13-15). 
HeLa or 3T3-L1 cells cultured in 96-well plates were 
co-transfected with the UTR reporter construct (lOOng 
per well), a pMIR-REPORT P-gal plasmid (50 ng per 
wefl) and pre-miR or control ohgonucleotides (lOpmol 
per well). Twenty-four hours after transfection, lumines- 
cence from luciferase and P-galactosidase were measured. 
P-Galactosidase activity was used to normalize luciferase 
signals. See Supplementary Data for more details. 

Atplbl promoter construct and promoter activity assay 

We foflowed the previously described approach (21). The 
1-kb sequence upstream of the transcription start site 
of the Atplbl gene was inserted into the pGL4.81 vector 
containing Renilla luciferase gene (Promega). 
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Human renal epithelial cells cultured in 96-well plates were 
transfected with the Atplbl promoter-pGL4.81 vector, 
the pGL2-control vector and pre-miR oligonucleotides, 
as described earlier. Twenty-four hours after transfection, 
luciferase activity was measured. pGL2 control containing 
the firefly luciferase gene was used to normalize the 
Renilla luciferase. See Supplementary Data for more 
details. 



In vitro and in vivo use of oligonucleotides 

Anti-miR and pre-niiR oHgonucleotides from Ambion 
were used for suppression and over-expression of 
miRNAs in vitro, respectively. Cells were transfected 
with pre-miR-192, anti-niiR-192 or other oligonucleotides 
and their respective controls (at 100 nM unless otherwise 
indicated), using Lipofectamine 2000 (Invitrogen). After 
24 or 48 h, cells were collected for analysis. Locked 
nucleic acid (LNA)-modified anti-miR ohgonucleotides 
from Exiqon were used for in vivo suppression and de- 
hvered by intraperitoneal (i.p.) injection (lOmg/kg body 
weight) (14). 



Statistics 

miRNA expression profiles in glomeruli, PCT and mTAL 
were analyzed using one-way ANOVA. /-Test was used to 
compare expressions in PCT and niTAL and analyze the 
UTR assays, the miR-192 suppression/over-expression ex- 
periments and the miR-192 and Atplbl expressions in the 
in vivo studies. Two-way ANOVA was used for compari- 
son of urine output and water intake in mouse studies. 
P<0.05 was considered significant. Data are presented 
as mean ± SEM. 



RESULTS 

miRNA expression profiles in glomeruU, PCT and mTAL 

The three nephron segments were microdissected from rat 
kidneys and the sample purity of PCT and niTAL 
validated by determining expression of segment-specific 
marker genes (Figure lA and B). Abundance of 118 
miRNAs in glomeruli, PCTs and mTALs was determined 
with miRNA PCR arrays, and the obtained expression 
levels are shown in Supplementary Table SI. Among the 
analyzed miRNAs expressed in glomeruh, the most 
abundant were miR-126, miR-23b, miR-23a, miR-26a 
and let-7c. In PCTs, we found miR-16, miR-21, 
niiR-192, miR-194, miR-30c and let-7c to have the 
highest expressions. miRNAs that were most abundant 
in mTALs were miR-100, let-7c, miR-30c, let-7b, 
miR-26a, miR-23a and miR-30a. 

We selected three miRNAs with various degrees of dif- 
ferential expression and measured their abundance by per- 
forming individual real-time PCRs based on Taqman 
chemistry. The Taqman analysis confirmed the expression 
patterns shown by the PCR array based on the SYBR 
Green method (Figure IC-E). 
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Figure 1. Validation of purity of microdissected PCT and mTAL 
samples and the miRNA expression profiles obtained by PCR array. 
To exclude possible contamination of isolated nephron segments, we 
determined mRNA expressions of Na^/K^/2C1^ cotransporter (Nkcc2) 
and aquaporin 2 (Aqp2) in the isolated nephron segments and in hom- 
ogenates of cortex and outer medulla (O. medulla). Nkcc2 is selectively 
expressed in cortical and medullary thick ascending limbs. Aqp2 is se- 
lectively expressed in cortical and medullary collecting ducts. Both 
Nkcc2 and Aqp2 would be expected to be detectable in homogenates 
of the renal cortex and medulla. (A) In isolated PCT samples, expres- 
sion of Nkcc2 and Aqp2 was nearly undetectable, excluding contamin- 
ation by other tubular segments present in kidney cortex that express 
those genes (i.e. the cortical thick ascending limb and cortical collecting 
duct). *F < 0.05 versus the isolated segments. (B) In isolated mTAL 
samples, Nkcc2 was highly expressed whereas Aqp2 was largely 
depleted compared to the whole renal outer medulla, excluding signifi- 
cant contamination by the medullary collecting duct. *F < 0.05 versus 
the isolated segments. Relative expression levels of let-7e (C), miR-192 
(D) and miR-382 (E) in glomeruli (Glom), PCT and mTAL obtained by 
PCR array using Sybr Green chemistry (Array) were confirmed by in- 
dividual real-time PCR using Taqman chemistry (qPCR). « = 3, with 
each sample consisting of tissues obtained from three rats. *P < 0.05 
versus the other segments. 



Differential miRNA expression between PCT and mTAL 

PCTs and mTALs consist of epithehal cells that are gen- 
erally similar and derived from the same developmental 
origin, yet significantly different in their transport 
activities. Thus, they provide a good model for identifying 
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Figure 2. miRNAs differentially expressed in the PCX and the mTAL. 
Relative expression difference is presented as fold difference (PCT/ 
mTAL) on logarithmic scale. = 3, P<Q.05. 



miRNAs involved in determining cellular differences that 
are subtle yet important. Figure 2 shows 31 miRNAs that 
were differentially expressed in these two nephron 
segments. Nineteen of those miRNAs had significantly 
higher abundance in PCT compared with mTAL, and 12 
miRNAs were more highly expressed in the mTAL 
segment. 

Segment-specific protein expression database 

By performing an extensive literature search, we generated 
a hst of genes known to be differentially expressed in PCT 
and mTAL at the level of protein abundance 
(Supplementary Table S2). We identified 23 proteins, 
and the large majority (21 of 23) was involved in tubular 
transport processes. 

miRNA-target pairs in PCT and mTAL 

miRNAs bind to target sequences with imperfect comple- 
mentarity, making it highly challenging to predict 
miRNA-target pairs. Only a smaU fraction of computa- 
tionally predicted miRNA-target interactions has been ex- 
perimentally confirmed. We reasoned that reciprocal 
expression of a miRNA and a predicted target would 
support the presence and relevance of a miRNA-target 
protein pair (16). Reciprocal expression was defined as a 
miRNA being up-regulated and a protein being down- 
regulated, or the other way around. We examined 
miRNAs and proteins that were found to be differentially 
expressed in PCT and mTAL (shown in Figure 2 and 
Supplementary Table S2), which formed 620 possible 
pairs. Of the 620 pairs, 55 were predicted to be 
high-probabihty miRNA-target pairs based on the follow- 
ing: (i) their sequence characteristics, as determined by 
TargetScan v5.1, MicroCosm Targets v5 or 
microRNA.org and (ii) reciprocal expression as defined 
earlier. The 55 pairs involved 26 different miRNAs and 
17 different proteins (Table 1). 



Interaction between selected miRNAs and their pre- 
dicted targets was tested with the 3'-UTR reporter assay. 
We selected miRNAs that were highly abundant and that 
were predicted to have multiple targets relevant in kidney 
physiological processes. miRNA mimics, compared with 
control oHgonucleotides, significantly reduced luciferase 
activity of the reporter vectors containing their target 
3'-UTR sequence, which supported the presence of inter- 
action between miR-16 and ATP-sensitive inward rectifier 
K+ channel (Romk2), Na+/K+/2Cr cotransporter (Nkcc2 
or Slcl2al) and Uromodulin or Tamm-Horsfall glycopro- 
tein (Umod); miR-195 and Romk2, Nkcc2 and Umod; 
and miR-382 and Romk2 (Figure 3A-C). 

miR-16 and miR-195 have the same seed region sequence 
important for target recognition. It is, therefore, not 
surprising that they share the same targets. miR-195 (or 
miR-16) and miR-382 have different seed region sequences 
and are predicted to bind to different sites in the 3'-UTR of 
Romk2. We tested the effect of simultaneous treatment with 
miR-195 and miR-382 mimics at low concentrations on the 
3'-UTR of Romk2. When applied individually at 15nM, 
miR-195 or miR-382 mimic did not significantly suppress 
luciferase activity (71 ± 11% and 87 ± 15% of control, re- 
spectively, n = 6, P> 0.05 versus negative control mimic). 
When applied jointly at the same concentration (15 nM 
each), miR-195 and miR-382 substantially suppressed 
luciferase activity (Figure 3D). This was not because the 
total concentration of the mimics was greater with the 
combined treatment (30 nM in total) because the effect of 
the combined treatment was significantly larger than when 
each mimic was applied at 30 nM individually (Figure 3D). 
In addition, the effect size of the combined treatment ( 1 5 nM 
each for a total of 30 nM) was larger than the sum of the 
effects of each miRNA mimic applied individually at either 
15nM or 30 nM. The result indicated possible synergistic 
effects of miR-195 and miR-382 on the 3'-UTR of Romk2. 

Several combinations of three of the five miRNAs 
showing the largest fold enrichment in PCT or mTAL 
had one or more shared predicted target genes (Supple- 
mentary Table S3). 

Na+/K+-ATPase pi subunit (Atplbl) and miR-192 were 
reciprocally expressed in the kidney 

In rat nephron segments, we found high miR-192 expres- 
sion in PCT and low expression in mTAL (Figures 1 and 
2; Supplementary Table SI). Consistent with these data, 
we previously showed high miR-192 expression in the rat 
renal cortex (where PCT are abundant) and low expres- 
sion in the medulla (where mTAL are abundant) (16). In 
fact, miR-192 is one of the most abundant miRNAs in the 
kidney cortex and the PCT. 

As shown in Table 1, miR-192 was predicted to target the 
Na+/K+-ATPase (31 subunit (Atplbl). McDonough et al. 
(22) previously analyzed Atplbl protein in nephron seg- 
ments and determined lower expression in PCT and higher 
expression in mTAL. Consistently, in our study we found 
Atplbl protein to be expressed at lower levels in rat kidney 
cortex compared with the medulla, whereas there was no 
significant difference in the alpha subunit expression. 
Moreover, the enzymatic activity of Na^/K^-ATPase in 
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Table 1. Possible miRNA-target pairs in PCX and mTAL 
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On the left side are miRNAs and the nephron segment in which they were more highly expressed. On the right side are their predicted protein targets 
and the nephron segment in which the proteins were more highly expressed. See text for details. 



the membrane fraction was significantly lower in the renal 
cortex compared with the medulla (42 ± 7 versus 
88 ± 14nmol/mg/min; n = 6-7, P< 0.05). 



iniR-192 contributes to renal handling of fluid balance 

We examined the in vivo functional importance of 
miR- 192 in conditions of increased sodium and water 



load. Mice were housed in metabolic cages, with urine 
output and water intake monitored over 24-h periods. 
miR- 192 suppression was achieved by LNA-modified 
anti-miR-192 delivered as i.p. injections (lOmg/kg). 
Anti-miR-192 substantially suppressed miR- 192 in 
kidney cortex 2 days after the injection (Figure 4A). 

Suppression of miR- 192 did not significantly affect 
urine output in mice that were fed with a 0.4% NaCl 



1278 Nucleic Acids Research, 2013, Vol. 41, No. 2 



A 






120 


o" 




o 








U3 


. _ _ 
1 uu 


03 




D) 




ne 


80 


gj 






60 


0) 




o 








CD 


40 


O 




(/3 




(D 






20 


E 









Romk2 3'-UTR 



B 



120 



Nkcc2 3'-UTR 



o 
o 



n 



TO 
O) 

^ 80 
I 

S 60 

<u 
o 

S 40 
o 

0) 

<u 

20 

E 



,e><^ ^ ^ 



THP 3'-UTR 




120 



Romk2 S'-UTR 



cn 100 

03 

O) 
<D 

C 80 

I 

0) 

o 

§ 40 

(0 
(U 

20 



<f <f<f 



# o?,^ 

<f <f <f <f 



Figure 3. Experimental confirmation of interaction between selected 
miRNAs and their putative 3'-UTR targets and evidence for 
apparent synergistic effects of miR-195 and miR-382. HeLa cells were 
transfected with luciferase reporter constructs containing the following 
3'-UTR segments: ATP-sensitive inward rectifier channel (Romk2), 
Na^/K^/2CP cotransporter (Nkcc2 or Slcl2al) or Uromoduhn or 
Tamm-Horsfall glycoprotein (Umod or THP). Cells were also trans- 
fected with lOOnM of the following oligonucleotides: pre-miR-16 
(pre-16), pre-miR-195 (pre-195) and pre-miR-382 (pre-382) or control 
oligonucleotides (pre-neg). (A) « = 5-10, *P<0.05 versus control. 
(B) « = 5-10, *P<0.05 versus control. (C) « = 13-14, *P<0.05 
versus control. (D) HeLa cells were transfected with luciferase reporter 
constructs containing the 3'-UTR of Romk2. Cells were also trans- 
fected with the following miRNA mimics: pre-195 (30 nM), pre-382 
(30nM), pre-195 (15 nM) + pre-382 (15nM) or pre-neg control 
(30 nM) oligonucleotides. In all treatment conditions, the total concen- 
tration of miRNA mimics was equal (30 nM). The extent of luciferase 
suppression was greater with simultaneous treatment with miR-195 and 
miR-382 mimics, compared with the sum of the effect of each miRNA 
applied individually. = 5, *F < 0.05 versus the other groups. 



diet (Figure 4B). However, when mice were fed with a 
high-salt (4%) diet, the anti-miR-192 injection blunted 
the high salt-induced increase of urine output by ~30% 
in the first 24 h of high salt intake (Figure 4B). Water 
intake was not statistically different between the animal 
groups. 
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Figure 4. Knockdown of miR-192 blunted the increase of urine output 
in condition of high salt intake in mice. (A) LNA-modified anti-miR- 
192 decreased miR-192 expression in kidney cortex in mice. Anti-miR- 
192 (anti-192) or anti-scrambled control (anti-neg) ohgonucleotides 
were delivered to mice by intraperitoneal injection (lOmg/kg body 
weight). Forty-eight hours after injection, miR-192 expression was sup- 
pressed to ~30% of control levels, h = 6, *P<0.05 versus anti-neg. 
(B) Knockdown of miR-192 significantly attenuated the increase of 
urine output when mice were switched from a 0.4% NaCI diet to a 
4% NaCI diet. All animals were fed with a 0.4% NaCI diet after 
receipt. After 4 days of acclimatization, 24-h urine collection was 
started and urine output on the 0.4% NaCI diet was measured for 
5 days to ensure a stable baseline. Mice were then divided into four 
groups based on oligonucleotide and dietary treatment: (i) remaining 
on the 0.4% NaCI diet and receiving scrambled anti-miR (anti-neg) 
(« = 6); (ii) remaining on the 0.4% NaCI diet and receiving anti-miR- 
192 (anti-192) (n = 6); (iii) switched to a 4% NaCI diet and receiving 
anti-neg (n = 8) and (iv) switched to a 4% NaCI diet and receiving 
anti-192 (n = 8). *P<0.Q5 versus the 'anti-neg, 4% NaCI' group. 



Suppression of miR-192 causes up-regulation of Atplbl 
that correlates with a decrease in urine output 

Mice injected with anti-miR-192 showed significant 
up-regulation of Atplbl protein to ~160% of control 
levels, measured in kidney cortex 48 hours after injection 
(Figure 5). Atplbl abundance appeared to correlate with 
miR-192 effects on urine output. By day 7 after the 
anti-miR injection, Atplbl protein was no longer 
up-regulated and urine output was not different in mice 
treated with anti-miR-192 compared with mice treated 
with scrambled anti-miR, even though miR-192 was still 
suppressed. 

Sodium depletion results in suppression of miR-192 and is 
accompanied by a trend of increased Atplbl abundance in 
rat kidney 

To further examine endogenously regulated changes in 
miR-192 and Atplbl expression, we fed rats with a 
control diet containing 0.24% sodium and then with a 
diet with only 0.03% sodium. Forty-eight hours after 
starting the low-salt diet, miR-192 was significantly sup- 
pressed to ~55% of the basal level, whereas Atplbl abun- 
dance tended to increase (Figure 6). 

miR-192 regulates Atplbl expression and Na^/K^- 
ATPase activity in human kidney cells 

In cultured human kidney epithelial cells, suppression 
of miR-192 up-regulated Atplbl protein and 
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Figure 5. Knockdown of niiR-192 causes up-regulation of Atplbl in 
kidney cortex in mice. Anti-miR-192 or anti-scrambled control 
(anti-neg) oligonucleotides were delivered to mice by intraperitoneal 
injection (lOmg/kg). Expression of Atplbl was assessed 481i after 
knocking down miR-192. (A) Protein abundance of Atplbl. « = 6, 
*/'<0.05 versus control. (B) inRNA levels of Atplbl. n = 6. 
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Figure 6. miR-192 and Atplbl abundance in rat kidney cortex in con- 
dition of sodium depletion. Rats were fed with a basal diet containing 
0.24% sodium (control). One group of animals was then switched to a 
diet containing 0.03% sodium and maintained on that diet for 48 h. 
(A) Relative miR-192 expression in kidney cortex, in the two animal 
groups. After 48 h of low sodium diet, miR-192 was significantly sup- 
pressed, n = 5-6/group, *F<0.Q5 versus control. (B) Relative Atplbl 
expression in kidney cortex, in the two animal groups. At 48 h of 
low-salt diet Atplbl protein abundance was approximately doubled, 
although the change did not reach statistical significance. 
n = 5-6/group. 

membrane-bound Na^/K^-ATPase enzymatic activity to 
~250 and ~210% of control values, respectively 
(Figure 7A-C). Conversely, a miR-192 mimic (pre- 
miR-192) decreased Atplbl protein abundance and 
Na^/K+-ATPase enzymatic activity to ~50 and ~75% 
of control levels, respectively (Figure 7D-F). Impor- 
tantly, the al subunit of Na+/K"^-ATPase (Atplal) 
was not affected, suggesting that Atplbl modulation 
caused the changes in membrane-bound Na^/K^- 
ATPase activity. Also, miR-192 expression did not 



B 



antl-neg 
anti-192 



Atplbl 



Atplal 





^10 



£ 0 



pre-neg 
pre-192 



Atplbl 



Atplal 





Figure 7. Atplbl expression and membrane-bound Na^/K^-ATPase 
activity in human kidney cells is regulated by miR-192. Cultured 
human renal epithehal cells were transfected with lOOnM anti-iniR- 
192 ohgonucleotides for niiR-192 knockdown and pre-miR-192 oligo- 
nucleotide for miR-192 over-expression and their respective scrambled 
control oligonucleotides (anti-neg and pre-neg). Cells were harvested 
after 48-h incubation period. Images on the left (A and D) show 
western blots for Atplbl and Atplal; graphs on the right represent 
quantification of Atplbl and Atplal protein or mRNA expression and 
Na^/K^-ATPase activity. (A-C) Knocking down miR-192 resulted in 
up-regulation of Atplbl protein as well as increased membrane-bound 
Na^/K^-ATPase. mRNA levels of Atplbl and protein levels of Atplal 
were not affected, n = 6-7, *P < 0.05 versus control. (D-F) 
Over-expressing miR-192 resulted in down-regulation of Atplbl 
protein as well as decreased membrane-bound Na^/K^-ATPase 
activity, without affecting Atplbl mRNA or Atplal protein expres- 
sions. = 6-7, *P < 0.05 versus control. 



affect Atplbl mRNA levels, which suggests regulation 
at translational level. 

miR-192 interacts with the 5'-UTR of Atplbl 

To test direct interaction between miR-192 and Atplbl 
3'-UTR, we performed the luciferase reporter assay. We 
tested constructs containing the whole 3'-UTR sequence, a 
3'-UTR segment containing the predicted miR-192 
binding site and the segment with introduced mutation 
at the predicted binding site (Figure 8A). The result 
indicated there was no direct interaction between 
miR-192 and Atplbl 3'-UTR (Figure 8B). 

We examined the possibility that niiR-192 interacted 
with the Atplbl 5'-UTR (5-7,23). Alignment of the 
entire 5'-UTR sequence of Atplbl with the seed region 
sequence of miR-192 identified a single binding site at nu- 
cleotides —386 to —391, where +1 is the translation initi- 
ation site (Figure 8E). When cells were treated with 
pre-miR-192, luciferase activity was significantly reduced 
in the construct containing both the Atplbl promoter and 
5'-UTR, which indicated that miR-192 interacted with 
Atplbl promoter and/or 5'-UTR (Figure 8C). The inclu- 
sion of the Atplbl promoter (the 1-kb sequence upstream 
of the transcription start site) in the construct was 



1280 Nucleic Acids Research, 2013, Vol. 41, No. 2 



- Promoter — 5'-UTR B - Coding sequence — 3'-UTR 1 - 

- |Luciferase| - r3'-UTR M V 
- fLiTciferase | — [3'-partial [1 - 
- fLiTciferasel — [S'-mut | 
- I Promoter 1 - 1 5'-UTR | h - fluciferase h 

- Promoter — 5'-UTR mutl - Luciferase 



- Promoter — 5'-UTR del - Luciferase - 



- Promoter — Luciferase 




Sequence Name 


< Pos= 619 




^ Consensus 
3 Sequences 


TTTCCOTC- CTTGTCCCTGGTCCATCTCGCCAGAGGTCAXAGCAGGCAGAG- ■ - TGGTGCAG- 


620 630 640 650 


660 670 680 


mouse ATP1B1 Send seq 
rat ATP1B1 Send-seq 
human ATP1B1 5-UTR 


TTT CCCT C- CTT GT CCCT GOT CCAT CT COCCA OjX^i^ 
TTT COOT C- CTT GT COOT GOT CCAT CT CGCCA 0^^^ 
T CT OA OT CT CCTA CCCOOGOOCT OT CT OT GCA oBHBBB 


OAOCAAGCAOAO- - - TOGTOOAO- 
TAOCAOGCAOAO- - - TOGTOOAG- 
OOOOAOGCOOOOOCOOAOCAOACG 



Figure 8. Analysis of miR-192 interaction with 3'-UTR, 5'-UTR and promoter of rat Atplbl. (A) Schematic description of the constructs used in the 
analysis. The top scheme represents the Atplbl gene structure including the promoter, 5'-UTR, coding sequence and 3'-UTR. The gray segment 
represents the putative miR-192 binding region and the black segment represents mutation of the same region. (B) 3'-UTR reporter analysis did not 
confirm interaction between miR-192 and 3'-UTR of Atplbl. 3T3-L1 cells were co-transfected with pre-miR-192 or pre-neg (control ohgonucleo- 
tides) and the luciferase reporter constructs containing one of the following: 3'-UTR (the whole 3'-UTR of Atplbl), 3'-UTR-partial (a segment of the 
3'-UTR containing the putative miR-192 binding site) or 3'-mut (the 3'-UTR segment with mutated putative miR-192 binding site, at nucleotides 
+143 to +145, where +1 is the first nucleotide in the 3'-UTR of Atplbl). n = 8-19/group. (C) 5'-UTR reporter analysis confirmed interaction 
between miR-192 and 5'-UTR of Atplbl. 3T3-L1 cells were co-transfected with pre-miR-192 or pre-neg and the luciferase reporter construct 
containing one of the following: P+5'-UTR (promoter region and 5'-UTR of Atplbl), P+5'-UTR-mut (the promoter region and 5'-UTR with 
mutated putative miR-192 binding site, at nucleotides —387 to —389, where +1 is the translation initiation site) or P+5'-UTR-del (the promoter 
region and 5'-UTR with deletion of 6bp containing the putative miR-192 binding site, at nucleotides —386 to —391, where +1 is the translation 
initiation site). Pre-miR-192 suppressed luciferase activity of the P+5'-UTR and P+5'-UTR-mut constructs, whereas suppression of the 
P+5'-UTR-del construct did not reach statistical significance, n = 4/group, *P<0.Q5 versus control. (D) miR-192 did not affect Atplbl promoter 
activity. Human renal epithelial cells were co-transfected with pre-miR-192 or pre-neg and the luciferase expression vector driven by the Atplbl 
promoter, n = 8. (E) Alignment of a segment of the 5'-UTR of Atplbl in mouse, rat and human containing a single, conserved predicted miR-192 
binding site (marked in black). To predict the miR-192 binding site in the Atplbl 5'-UTR, we screened the 5'-UTR for sequence complementarity 
with the miR-192 seed region sequence (nucleotides 2-7 of the miR-192). We allowed for wobble base pairs (G-U). 



necessary for driving luciferase expression at a physiolo- 
gically relevant level. Introducing mutations of 3 nt at the 
putative miR-192 binding site within the 5'-UTR did not 
affect luciferase activity. However, deleting all 6nt at 
the binding site partially blunted the miR-192 effect 
(Figure 8C). miR-192 did not suppress luciferase signal 
when the construct contained only the Atplbl promoter 
but not the 5'-UTR, excluding the possibihty of transcrip- 
tional suppression mediated through the Atplbl promoter 



(Figure 8D). Overall, these results suggested miR-192 
interaction with Atplbl 5'-UTR as the possible mechan- 
ism by which miR-192 reduces Atplbl abundance. 

DISCUSSION 

The present study provided novel evidence for an import- 
ant and broad role of miRN As in maintaining cell-specific 
characteristics in PCX and mTAL that may appear subtle 
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but are physiologically critical. We demonstrated a direct 
role that miR-192 had in the regulation of a major trans- 
porter in renal epithelial cells, Na"'"/K^-ATPase. In vivo 
studies suggest a novel physiological mechanism in 
which miR-192 suppresses Atplbl, which could contrib- 
ute to kidney handling of solutes and fluids. We also 
showed that miR-192 interacted with Atplbl in an uncon- 
ventional manner involving the 5'-UTR. 

miRNAs have been shown to be involved in a large 
number of developmental and pathological processes in 
different organs and tissues (10,11). However, the role of 
miRNAs in adult physiology is much less understood. 
Several studies have demonstrated the significance of 
miRNAs in determining cell-type-specific characteristics 
that are functionally important (24-26). For example. 
Van Rooij et al. demonstrated that miR-208b and 
miR-499 knockout mice had substantial loss of slow 
(Type I) myofibers and increased abundance of fast 
(Type II) myosin isoforms. Conversely, over-expression 
of niiR-499 induced complete conversion of fast into 
slow myofibers (26). 

In this study, we identified 55 miRNA-target pairs that 
consisted of segment-specific miRNAs and their predicted 
segment-specific protein targets, mainly transporters and 
channels, in PCT and mTAL. These miRNAs might con- 
tribute to determining segment-specific molecular charac- 
teristics of PCT and mTAL. miRNAs that are equally 
expressed across the segments may still be important in 
regulating transport activities; however, they are less likely 
to be involved in maintaining the specificity or differences 
between the segments. It would be important to confirm 
direct interactions between miRNAs and target genes in 
any future studies that intend to further examine the sig- 
nificance of the high-probabihty miRNA-target pairs that 
we identified. Moreover, it would be important to under- 
stand the molecular mechanisms underlying the differen- 
tial enrichment of miRNAs in different nephron segments. 
The abundance of a miRNA, similar to mRNA, can be 
regulated at transcriptional and post-transcriptional 
levels. 

miRNAs have been shown to be important in renal 
development and renal injury. Experiments in animals 
with cell-specific loss of dicer, an enzyme important for 
miRNA maturation, supported a role of miRNA in devel- 
opment and function of glomeruH, proximal tubules and 
renin-producing juxtaglomerular cells (27-30). miRNAs 
are involved in pathological molecular pathways in the 
kidney including epithehal-mesenchymal transition, 
fibrosis, diabetic or hypertensive injury, ischemic precon- 
ditioning and possibly hypertension (13-15,31-35). The 
role of miRNAs in renal physiology, however, is only be- 
ginning to be studied. Lin et al. (36) showed that miR-802 
mediates the stimulatory effects of potassium on ROMK 
channel activity in renal cells possibly by targeting and 
suppressing caveolin-1 expression. Another study 
demonstrated that several miRNAs participate in 
cellular responses to osmotic stress in kidney ceUs (37). 
The findings of the current study suggest that miRNAs 
could have wide-spread effects on renal physiology. 

As a specific example, we demonstrated regulation of 
Na^/K^-ATPase activity by miR-192 in kidney cells. 



Na^/K^-ATPase provides the primary driving force for 
transport of nearly all solutes and fluids in the kidney. 
Suppression of miR-192 significantly blunted the 
adaptational increase in urine output, indicating the im- 
portance of maintaining high miR-192 levels during 
increased sodium/water intake. This result seems to be in 
agreement with the study by Elvira-Matelot et al. (38) that 
detected decreased kidney miR-192 levels in condition of 
sodium depletion in mice, an effect confirmed in rats in the 
present study. It would be valuable to determine in future 
studies whether miR-192 influences sodium excretion as 
suggested by the urine output data and which nephron 
segments mediate any such effect of niiR-192. 

Although niiR-192 remained suppressed 7 days after the 
anti-miR injection, urine output was decreased only 
during the first 24 h following treatment. Changes in 
urine output correlated with expression of Atplbl, 
which was only transiently up-regulated during the first 
48 h after miR-192 suppression. Effects of miR-192 
knockdown on Atplbl expression and urine output are 
modest and transient, which is hkely due to the robust 
control of Na^/K^-ATPase and urine output that 
involves a complex regulatory network. In normal physio- 
logical conditions, Na"'"/K^-ATPase activity is regulated 
by multiple factors including angiotensin II, norepineph- 
rine and alpha agonists, dopamine, endothelin, nitric 
oxide, prostaglandins and others (39-43). In addition to 
Na"^/K^-ATPase-mediated control, there are other mech- 
anisms contributing to maintaining fluid balance, which is 
critical for whole body homeostasis and must be tightly 
controlled. It is the integrated response of multiple regu- 
latory systems that determines Na"^/K"^-ATPase activity 
and fluid balance under various physiological challenges. 
The robust regulatory network would be expected to make 
the effect of altering any one component (such as miR-192 
and Na^/K"^-ATPase) modest and/or transient. 

Knockdown of miR-192 in mouse kidney was achieved 
by i.p. injections of anti-miR- 192 in the present study. 
Despite systemic administration, direct effects of 
anti-miR- 192 were likely to be localized, as miR-192 is 
expressed at substantial levels only in kidney and gastro- 
intestinal tract (44,45). Within the kidney, miR-192 is pre- 
dominantly expressed in the cortex (16). 

The Na^/K"^-ATPase transporter is composed of at 
least two subunits, alpha and beta. Our in vitro studies 
demonstrated that miR-192-mediated changes in Atplbl 
expression could modulate membrane-bound Na"^/K"^- 
ATPase enzymatic activity. Although alpha subunit 
contains the catalytic site, beta subunit is required for 
normal Na^/K^-ATPase activity, as it is involved in 
maturation and cellular localization of Na^/K"^-ATPase 
and has a stabilizing effect on the alpha subunit (46^9). 
Experiments in Xenopus oocytes showed that pre-existing 
beta subunit could assemble with alpha subunit expressed 
later, resulting in functional Na^/K^-ATPase. On the 
other hand, functional Na^/K"^-ATPase was not formed 
when the alpha subunit was expressed first, followed 
by beta subunit expression later (50). Further, beta 
subunit has a longer half-hfe than unassembled alpha 
subunit. These studies indicate that the beta subunit is a 
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modulator with an important fine-tuning role in the 
enzyme's activity. 

The majority of reported miRNA-target interactions 
occur through binding of niiRNAs to 3'-UTR of target 
mRNAs. However, alternative mechanisms, such as inter- 
action between miRNAs and 5'-UTR, have been shown in 
a small number of cases (5-7,23). Moretti et al. (6) 
demonstrated that miR-2 could specifically regulate trans- 
lational process in vitro and in vivo, not only through inter- 
action with the 3'-UTR but also equally effectively 
through interaction with the 5'-UTR or the open reading 
fragment (ORF). The 5'-UTR (and the ORF) can function 
as miRNA binding sites with mechanistically similar inter- 
actions as the 3'-UTR. It was suggested that miRNA-5'- 
UTR interaction obstructs translational initiation and 
also interferes with translating ribosomes (6,51). In our 
study, we have experimentally demonstrated inhibitory 
effect of miR-192 on the 5'-UTR of Atplbl. The inter- 
action appeared to depend in part on nucleotides 385-390 
in the 5'-UTR. However, we cannot rule out the possibil- 
ity that additional binding sites with a lower degree of 
homology may contribute to the effect of miR-192. 
miR-192 could also influence the reporter gene activity 
through indirect mechanisms. For example, miR-192 
could potentially affect a protein that binds to the —386 
to —391 region in the 5'-UTR sequence of Atplbl. 

The kidney regulates whole body fluid and electrolyte 
homeostasis, which is mediated by filtration and transport 
activities in distinct nephron segments. The findings of 
the current study suggest that dozens or more miRNA- 
target interactions might be involved in determining 
transport and other physiological characteristics of PCT 
and mTAL and that a novel physiological mechanism 
exists in which miR-192 suppresses Na^/K^-ATPase and 
contributes to renal handling of fluid balance on a 
high-salt diet. 
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